The sorption behavior and the mechanism of phosphate sorption on monohydrocalcite (CaCO 3 · H 2 O; MHC) were analyzed on the basis of sorption isotherms corresponding to three Mg concentrations. MHC is known to be metastable, and it quickly transforms to calcite or aragonite. However, a small amount of phosphate (30 μM) can significantly inhibit the transformation of MHC. At low phosphate loading, the sorption isotherms obtained are Langmuir adsorption isotherms. The mode of phosphate sorption is most likely to be adsorption on MHC surface at the low phosphate loadings. The Langmuir parameters indicate that the mass basis sorption capacity of MHC is significantly higher than those of aragonite and calcite. At higher phosphate loadings, the slopes of the obtained isotherms rapidly increase and deviate from that of a Langmuir isotherm. The slopes of the iso therms for low Mg concentrations are higher than those for high Mg concentrations. It is well documented that Mg inhibits the formation of calcium phosphate minerals. The saturation calculations performed in this study showed that the reacted solutions become supersaturated with respect to amorphous calcium phosphate at corre sponding high phosphate loadings. The mode of phosphate sorption at higher phosphate loadings is considered to correspond to the formation of secondary calcium phosphate minerals.
INTRODUCTION
Phosphate (PO 4 ) is an important nutrient and has several agricultural applications. Chemical fertilizers containing PO 4 can significantly increase food production. However, when fertilizers dissolve in water, the PO 4 in the dissolved fertilizers causes eutrophication in aquatic environments and adversely affects the ecological system of lakes. Therefore, a method for removing the PO 4 dissolved in water and thus eliminating eutrophication in lakes is re quired (Schindler et al., 2008) . One of effective schemes for removing PO 4 from discharged water is sorption by calcium carbonate minerals (Millero et al., 2000) . Calci um carbonates are effective sorbents of PO 4 (Stumm and Leckie, 1970; Millero et al., 2000) . Since they are compo sed of ubiquitous elements and are widespread on the surface environment, they are environment friendly and low cost materials. Monohydrocalcite (CaCO 3 · H 2 O; MHC) is a rare mi n e ral in geological settings. MHC has been found in sa line lake and seawater environments (Dahl and Buchardt, 2006) . It was first prepared in a laboratory by Brooks et al. (1950) , and some studies on the synthesis of MHC have been reported (Kinsman and Holland, 1969; Kralj and Brecevic, 1995; Dejehat et al., 1999) . In a laboratory, MHC easily precipitates from artificial seawater, as a pre cursor of aragonite (Kinsman and Holland, 1969; Dejehat et al., 1999) . MHC has been known to be metastable with respect to calcite and aragonite (Dahl and Buchardt, 2006; Munemoto and Fukushi, 2008) . The metastability of MHC is considered to be the reason for it being a rare mineral in geological settings. It has been known that the specific surface area of a metastable species is larger than that of a stable species and further, that a metastable species is more reactive than the stable species (Fukushi and Sato, 2005) . Therefore, it is expected that the effectiveness of MHC in sorbing PO 4 will be higher than that of anhydrous calcium carbonate minerals that are more stable than MHC. MHC is synthesized only when Mg 2+ ions is pres ent in the mother solution (Kinsman and Holland, 1969 , Kralj and Brecevic, 1995 , Dejehat et al., 1999 , and syn thesized MHC always contains a small amount of Mg (Munemoto and Fukushi, 2008) . A significant amount of the Mg in MHC is released into the solution when the MHC is immersed in the water. According to Stumm and Leckie (1970) , the presence of Mg in the solution sig nificantly affects the uptake behavior of PO 4 on calcium carbonate minerals. In the present study, we examine the PO 4 sorption on MHC for different Mg concentrations in order to investigate the behavior and mechanism of PO 4 sorption on MHC.
MATERIALS AND METHODS
A mixing solution containing 0.06 M CaCl 2 and 0.06 M MgCl 2 was prepared at room temperature and Na 2 CO 3 was added to yield a 0.08 M CO 3 2− solution. Immediately after the addition of Na 2 CO 3 , a whitish suspension was formed in the reaction vessel. This suspension was aged for 48 h. Then, this aged suspension was filtered through a 0.2 µm membrane. The filtered white paste on the filter paper was put into a dialysis membrane and immersed in deionized water at 13 °C in an incubator for 3 days. The deionized water for dialysis was changed every 12 h. The resulting solid was freeze dried and kept in a desiccator. An amount of 50 mg of the synthesized MHC was dis solved in 5 ml of 1 M HNO 3 solution and the Ca and Mg concentrations were determined by high performance liq uid chromatography (HPLC, TOSHO 8020 series). The Ca and Mg contents in unit mass of the synthesized MHC were 8.49 ± 0.05 mmol/g and 0.19 ± 0.01 mmol/g, respec tively. The CO 3 and H 2 O contents measured by using a thermogravimetric analyzer (Rigaku TG DTA 8120) were 8.68 ± 0.16 mmol/g and 8.77 ± 0.39 mmol/g, respectively. The surface area determined by single point BET method was 16.4 m 2 /g. The X ray diffraction (XRD, Rigaku RINT 1200, CuKα, 40 kV, 30 mA) patterns of the material confirmed the absence of impurities.
The sorption isotherms corresponding to three dif fe rent MgCl 2 concentrations 0 M, 0.5 mM, and 1.0 mM with 0.01 M NaCl solution were obtained. Under these exper imental conditions, the concentration of Cl − ranged from 0.01 M to 0.012 M. The Cl − concentrations remained almost similar in all experiments. To 50 mL of 0.01 M NaCl solutions with and without MgCl 2 , 100 mg of MHC was ad d ed. PO 4 was added to the solutions such that the initial PO 4 concentrations were changed from 0 μM to 210 μM. The reaction vessels were open to the atmo sphere and were placed on a magnetic stirrer in an incuba tor at 25 °C for 24 h. After the reaction time, the pH val ues of the suspensions were measured by using an automated pH meter (HM 21P). The suspensions were filtered through a 0.2 μm membrane. The solids were spread on a glass slide, air dried at room temperature, and analyzed by XRD. The concentration of PO 4 in the fil trates was determined by the colorimetric method (Shi madzu UV 1200). The con cen trations of Mg and Ca in the filtrates were measured by HPLC. Figure 1 shows the sorption isotherm for the sorption of PO 4 on MHC. The amount of sorbed PO 4 increases with PO 4 concentrations. Initially, the slope of the isotherm decreases with PO 4 concentrations up to a PO 4 concen tration of 50 μM in the solution in which the amount of sorbed PO 4 is approximately 30 μmol/g. The shapes of the isotherms in the case of all the three different Mg concen trations are the same at low PO 4 concentrations. The slo pes of the isotherm increase at PO 4 concentrations of more than 50 μM. The slopes obtained in the experiments with Mg addition are clearly higher than those obtained in the experiments with no Mg addition.
RESULTS
The composition of the reacted solution is shown in Figure 2 as a function of the initial PO 4 concentrations. The pH was found to be in the range 8.6 8.8 in all exper iments, except the ones involving five batches with initial PO 4 concentrations of 0 M for any Mg concentrations and 10 μM for two lowest Mg concentrations. (Fig. 2a) . The pH of the five batches was around 8.3. The Ca concen trations were also relatively constant and ranged from 1.1 mM to 1.4 mM in all experiments, except in the case of the five batches (Fig. 2b) . The Ca concentrations for the five batches were less than 1.0 mM. Detectable amounts of Mg are present in the solutions even in the case of experiments in which Mg is not added (Fig. 2c) . The Mg concentrations for initial PO 4 concentration of 0 μM are Figure 3 shows the XRD patterns of reacted solids. In the case of an initial PO 4 concentration of 0 mM, irres pective of the Mg concentrations, the peaks correspond ing to MHC disappear completely. The alteration products of experiments in which Mg is not added are aragonite with minor calcite (Fig. 3a) , while the only product for med in experiments with Mg addition is aragonite (Figs.  3b and 3c) . On the other hand, the main alteration product in the case of an initial PO 4 concentration of 10 μM is calcite, although aragonite is also formed in two Mg addition experiments. In addition, small peaks corre sponding to MHC are observed in the experiments in whi ch 1.0 mM of Mg is added (Fig. 3c) . The transfor mation of MHC does not occur in the case of PO 4 concentrations of above 30 μM, irrespective of the Mg concen trations.
DISCUSSION
It is known that Mg and PO 4 inhibit the transformation of MHC (Taylor, 1975) . The results of the present study showed that the inhibition effects of these two species of inhibitors were clearly different. Mg at a concentration of 1 mM causes the transformation of MHC to aragonite after 24 h, in a system without PO 4 . However, in the case of an initial PO 4 concentration of 10 μM, some amount of MHC remains when the Mg concentrations are very high. On the other hand, very low concentrations of PO 4 (30 μM) effectively inhibit the transformation of MHC (Fig.  3) . The mineralogy of the reacted solids after transfor mation is significantly dependent on the type of inhibitor. The dominant appearance of aragonite in the system with out PO 4 is attributable to the presence of Mg in the solu tion, which inhibits calcite formation (Chen et al., 1994) . The dominant appearance of calcite when the initial PO 4 concentration is 10 μM indicates that a small amount of PO 4 inhibits the formation of aragonite even in the pre sence of Mg and/or promotes the formation of calcite. The solution compositions are related to the mine ralogy of reacted solids. The pH and Ca concentrations of the samples in which MHC completely transforms to ara gonite or calcite were clearly lower than those of the sam ples in which MHC does not completely transform. The dec rease in the pH and Ca concentrations after the trans formation can be attributed to the difference of solubility between MHC and more stable calcium carbonate (Hull and Turnbull, 1973; Kralj and Brecevic, 1995) . If all the Mg in MHC is released into the solution, the Mg concen tration in the solution will increase by 0.4 mM. The inc rease in the Mg concentration when MHC completely transforms to aragonite (initial PO 4 concentration: 0 M) is almost the same Mg. On the other hand, the Mg concen tration is 0.2 0.3 mM when MHC remains or transforms to calcite. This indicates that a small amount of Mg is an essential component of MHC, and it is released into the solution when MHC transforms to aragonite but remains in the solid state when MHC transforms to calcite.
In the case of an initial PO 4 concentration of 10 μM, the main product of MHC transformation is calcite. In this case, a large amount of PO 4 (more than 90%) was remo ved from the solutions, irrespective of the Mg concentra tions. Therefore, the mode of PO 4 sorption must be coprecipitation with calcite. XRD did not reveal the trans formation of MHC under any experimental conditions when the initial PO 4 concentration was above 30 μM (8 μM of solution PO 4 concentrations in the isotherms). In the case of an initial PO 4 concentration of up to 110 μM (concentration of PO 4 in the solution: 50 μM), the isothe rms are typical Langmuir isotherm (Sparks, 2003) . Curve in Figure 1 indicates Langmuir isotherm assuming mono layer adsorption calculated from the result of the experi ments from 30 110 μM of initial PO 4 concentration for no addition of Mg. The maximum adsorption capacity and adsor ption constant of MHC are 36.2 μmol/g and 0.067 L/μmol, respectively. The mode of PO 4 sorption on MHC at these phosphate loadings is most likely to be adsor ption. Millero et al. (2001) examined the adsorption of PO 4 on calcite and aragonite under a wide range of envi ronmental conditions. They showed that aragonite is a significantly more effective PO 4 adsorbent than calcite is. The maximum adsorption capacity and adsorption cons tant of aragonite at lowest salinity and 25 °C are 21.6 μmol/g and 0.130 L/μmol, respectively. Although the adsorption constant for the adsorption of PO 4 on MHC is lower than that for the adsorption of PO 4 on aragonite, the adsorption capacity of MHC is significantly higher than that of aragonite.
When the initial PO 4 concentrations are above 110 μM, the slope of the sorption isotherm increases rapidly and the isotherm deviates from the Langmuir isotherm. The deviation from Langmuir isotherm can be generally attributed to the formation of secondary minerals that have adsorptive components (Stumm, 1992) . The XRD patterns for the sample with the highest surface loading do not show formation of any crystalline phase other than MHC (Fig. 3) . There are no shifts in the peak positions of MHC in the XRD pattern. Stumm and Leckie (1970) suggested that the initial uptake of PO 4 on calcite is adsorption, and it is followed by the formation of amor phous calcium phosphates. The increase in PO 4 loading leads to an increase of saturation state of calcium phos phates. The rate of formation of the secondary mineral must increase with the saturation state (Stumm, 1992) . Christoffersen et al. (1990) showed that the initial precipi tate from the solution containing Ca 2+ and HPO 4 − solution was amorphous the calcium phosphate (ACP1) Ca (PO 4 ) 0.74 H 0.22 . Figure 4 shows the saturation index (SI) of the reacted solution with respect to ACP1, calculated by using Visual MINTEQ (Gustafson, 2009 ). The equili brium constant for ACP1 was obtained from Christo ffersen et al. (1990) . The reacted solutions become satu rated (SI > 0) with respect to ACP1 in the case of PO 4 concentrations of more than 50 μM (initial PO 4 concentra to amorphous calcium phosphate (ACP1) calculated using Visu al MINTEQ (Gustafson, 2009) , by assuming that the solutions are in equilibrium with atmospheric CO 2 (10 −3.5 atm). The equi librium constant for ACP1 is obtained from Christoffersen et al. (1990) . The straight and dotted lines show the theoretical SI for ACP1 of the reacted solutions with calcite and aragonite, respec tively, under atmospheric CO 2 ; SI is shown as a function of phos phate concentration (10 −3.5 atm).
tion: 110 μM) (Fig. 4) , where the isotherm of the sorbed PO 4 deviates from the Langmuir isotherm (Fig. 1) . Stumm and Leckie (1970) also showed that the formation of calcium phosphates is significantly retarded by Mg. As shown in Figure 1 , PO 4 sorption on MHC when the initial PO 4 concentration is above 110 μM clearly depends on the Mg concentration. The dependence of PO 4 sorption on Mg concentration further assures the sorption mode at the condition is formation of secondary calcium phosphates. SEM observations of the reacted solids after highest PO 4 loading also do not indicate any morphological change from the original MHC (data not shown). Phosphorous enrichment was also not detected by energy dispersed spectroscopy (EDS) using an SEM. Therefore, the secon dary phases are most likely to be formed on the surface of the original MHC. The formation of amorphous calcium phosphates is favored at a high pH and high Ca concentration. Both pH and Ca concentrations equilibrated with MHC are higher than anhydrous calcium carbonate like calcite and arago nite as exemplified in Figure 2 . Therefore, it can be consi dered that the formation of secondary calcium phosphate is favored in a system containing MHC rather than in a system containing anhydrous calcium carbonate. The straight and dotted lines in Figure 4 show the theoretical SI of ACP1 in the reacted solution with calcite under atmospheric CO 2 and that in the reacted solution with aragonite under atmospheric CO 2 , respectively; SI is rep resented as function of phosphate concentration (10 −3.5 atm). These calculations were conducted by using Visual MINTEQ (Gustafson, 2009) . The SI for the reacted solution with aragonite is higher than that for the reacted solution with calcite because the solubility of aragonite is higher than that of calcite. The system with aragonite does not reach supersaturation when the phosphate concen tration is up to 100 μM, which is significantly higher than the concentration at which the system with MHC reaches supersaturation. At the same concentration of PO 4 in the solution, the PO 4 sorption efficiency when calcium pho sphates are formed is significantly higher than the effi ciency of simple adsorption of PO 4 (Fig. 1) . Therefore, at higher PO 4 concentrations, MHC is a more effective sor bent of PO 4 than anhydrous calcium carbonate is.
ACKNOWLEDGMENTS
Financial support was provided to KF by a Grant in Aid for Scientific Research from the Japan Society for the Promotion of Science (No. 20740315) . The authors would like to thank the associate editor T. Sato and two ano nymous reviewers for comments that resulted in signifi cant improvement of this manuscript.
